Acute muscle injury and physiological stress from chronic muscle diseases and aging lead to impairment of skeletal muscle function. This raises the question of whether p53, a cellular stress sensor, regulates muscle tissue repair under stress conditions. By investigating muscle differentiation in the presence of genotoxic stress, we discovered that p53 binds directly to the myogenin promoter and represses transcription of myogenin, a member of the MyoD family of transcription factors that plays a critical role in driving terminal muscle differentiation. This reduction of myogenin protein is observed in G1-arrested cells and leads to decreased expression of late but not early differentiation markers. In response to acute genotoxic stress, p53-mediated repression of myogenin reduces post-mitotic nuclear abnormalities in terminally differentiated cells. This study reveals a mechanistic link previously unknown between p53 and muscle differentiation, and suggests new avenues for managing p53-mediated stress responses in chronic muscle diseases or during muscle aging. Cell Death and Differentiation (2015) 22, 560-573; doi:10.1038/cdd.2014; published online 12 December 2014
The tumor suppressor p53 promotes cell cycle arrest or apoptosis in response to diverse stress signals such as DNA damage, thus preventing propagation of genetically compromised cells. [1] [2] [3] Among the diverse functions attributed to p53, a growing body of evidence supports its role in regulation of differentiation and maintenance of cellular function and integrity. 1, [4] [5] [6] [7] For example, p53 represses Nanog to maintain genetic stability of the stem cell pool by promoting differentiation of mouse embryonic stem cells (mESCs) after DNA damage. 6 Skeletal muscle differentiation, a key step during muscle tissue formation, is orchestrated by the MyoD family of myogenic regulatory factors (MRFs). MyoD determines the myogenic lineage, whereas myogenin, a member of the MRF family, functions downstream of MyoD and plays a critical role in driving terminal differentiation as myogenin-null mice show a lethal deficiency of differentiated skeletal muscle. [8] [9] [10] [11] [12] [13] The dynamic differentiation program of skeletal muscle is characterized by the orderly expression of genes and structural changes that can be recapitulated in vitro, as myogenic cells undergo cell cycle withdrawal and express early and then late differentiation genes with the formation of mononucleated myocytes to elongated multinucleated myotubes. 8, 9, 14 Under normal unstressed conditions, p53 has been shown to promote muscle differentiation in vitro. [15] [16] [17] [18] [19] [20] In contrast, under stress-associated conditions such as inflammation, chronic exposure to double-strand DNA breaks, and aging, enhanced p53 activity has been shown to correlate with skeletal muscle atrophy in vivo. [21] [22] [23] [24] [25] In addition, it has been shown that p53 and its downstream effectors are required for an inflammatory cytokine-mediated inhibition of myogenic differentiation in vitro. 22 Intriguingly, cell cycle arrest induced by acute genotoxic stress is associated with decreased myogenic differentiation in contrast to the cell cycle arrest that promotes differentiation under non-stressed conditions. 26 This seminal observation suggests the existence of alternative mechanisms regulating differentiation in the presence of stress.
Despite evidence pointing to a mechanistic link between p53-mediated stress responses and impaired myogenic differentiation, [21] [22] [23] there is little biochemical evidence associating p53 directly with regulation of key MRFs, particularly the MyoD family of transcription factors. Here we report a mechanistic link previously unknown between p53 regulation and muscle differentiation by showing that p53 directly represses myogenin and regulates muscle differentiation in response to genotoxic stress.
Results
p53 transcriptionally represses myogenin. We first used human embryonal rhabdomyosarcoma cells (RD cells) as a model system to study whether p53 has a direct role in regulating myogenic differentiation. RD cells carry a homozygous p53 Arg248Trp mutation, 29, 30 which renders the protein defective in DNA binding. 3 Wild-type p53 function was restored in RD cells by expressing a tamoxifen-inducible p53-estrogen receptor (ER) fusion (Figure 1a ). By tuning the translation level 31 of the p53-ER ( Supplementary Figures 1  and 2a-c) , we showed that restoration of wild-type p53 over a range of expression levels did not result in apoptotic and/or necrotic cells 32 in RD cells (Supplementary Figures 2d-g ). Transcriptional activity of the p53-ER was validated by measuring activation of p53 target genes, p21 and Mdm2, (Figure 1b Figures 3b and c) .
Next we examined the gene expression of the following factors in RD cells upon p53 activation: MRFs 8,9,14 (MyoD and myogenin), muscle stem cell markers 33, 34 (Pax3, Pax7, and cMet), and cancer stem cell-like markers 35 (Oct4, Nanog, Sox2, and CD133). We did not observe significant changes in expression of MyoD, Pax genes, and most of the cancer stem cell-like markers ( Figure 1c and Supplementary Figure 4a) . However, p53 repressed myogenin transcription in a dosagedependent manner (Figure 1c ), which correlated with a corresponding reduction in protein levels ( Figure 1d and Supplementary Figure 4b) .
To further confirm that p53 transcriptionally represses myogenin, we generated three previously characterized mutants in the N-terminal transcriptional activation domains (TAD): p53 25, 26 , p53 53, 54 , and p53 25, 26, 53, 54 ( Figure 1e ). Previous microarray analysis of mouse embryonic fibroblasts (MEFs) derived from the knockin mutant mouse strains revealed that p53 25, 26 shows severely impaired transactivation activity, p53 53, 54 retains the wild-type transactivation function, whereas p53 25, 26, 53, 54 is a transactivation-dead mutant. 36 The extent of myogenin repression by p53 mutants echoed the transactivation activity observed in MEFs: p53 53, 54 repressed myogenin as strongly as wild-type p53, whereas p53 25, 26, 53, 54 demonstrated compromised repression of myogenin. p53 25, 26 exhibited a relatively intermediate level of repression (Figures 1f and g ). Therefore, p53 transcriptionally represses myogenin, as demonstrated by the repression following restoration of wild-type p53 in RD cells and by the attenuated repression following expression of p53 N-terminal mutants.
The reduction of myogenin protein on p53 activation is independent of cell cycle phases. It is believed that proliferating myoblasts exit the G1 phase of the cell cycle in order to terminally differentiate. 37, 38 Because of its critical role in driving terminal differentiation, we quantified myogenin expression and bromodeoxyuridine (BrdU) incorporation by flow cytometry analysis to determine whether p53-mediated repression of myogenin occurs at a specific phase of the cell cycle (Figure 2a ). Owing to the heterogeneous expression of myogenin observed in RD muscle cancer cells, 39 we defined quadrants to denote a myogenin-high (MyoG-H) population in either G1 or S phase (Figure 2b ). We observed a prominent reduction of MyoG-H cells in both the G1 and S phases in response to p53 expression (Figures 2b and c) . It has been demonstrated that upregulation of both p21 and myogenin is required for establishing the state of irreversible cell cycle withdrawal and terminal differentiation. 11, 16, 40 In line with this notion, ectopic expression of p21 in RD cells induced G1 arrest (Figures 2a and c) , accumulation of myogenin protein (Figure 2d ), and enhanced late-stage differentiation (shown in Figure 5d ). In contrast, ectopic p53 in RD cells repressed myogenin protein in G1-arrested cells (G1: Myogenin in Figure 2c ) despite a strong activation of endogenous p21 (Figure 2d ). This result indicates that repression of myogenin is p53-specific and independent of the G1 cell cycle arrest that promotes differentiation. This is further supported by the observation that p53 25, 26, 53, 54 exhibited a severe impairment in repression of myogenin in both G1 and S phases, even though this mutant did not affect either cell cycle phase distribution (Figure 2e and Supplementary  Figures 5a and b) .
p53 binds to the myogenin promoter. To further investigate p53-mediated transcriptional repression of myogenin, we examined previously published ChIP-seq data (chromatin immunoprecipitation followed by high-throughput DNA sequencing) to determine whether p53 binds to the myogenin promoter. A putative p53 response element (p53RE) at position − 2560 was identified when MEFs were treated with a DNA damage-inducing drug, doxorubicin 41 ( Figure 3a , the upper panel). Corresponding RNA sequencing analysis showed reduced myogenin mRNA 41 ( Supplementary Figure 6a) . The same binding region was also identified when mESCs were exposed to doxorubicin 42 ( Supplementary Figure 6b) . This p53RE shares 95% sequence similarity with the canonical element 43 ( Figure 4a ). Before we could validate p53 binding to the mouse myogenin promoter in response to genotoxic stress, we first characterized expression kinetics of p53 and myogenin in C2C12 myoblasts at both RNA and protein levels under two culture conditions, growth versus differentiation, over a period of 96 h post ionizing radiation (IR) (Figure 3b and Supplementary Figure 6c ). p53 can be rapidly activated in C2C12 cells within 2 to 3 h upon exposure to IR. 44, 45 Based on the results of our time-course experiments, we chose to examine both early and late promoter occupancy of p53 at 6 and 48 h post IR, respectively, since myogenin showed distinct mRNA expression between the growth and differentiation condition after 48 h post IR (Figure 3b , Q-PCR MyoG).
Through quantitative ChIP analysis, we observed p53 enrichment at the myogenin p53RE, − 2560 site, at 6 h post IR under both culture conditions (Figure 3c) . A robust enrichment of p53 at 48 h under the growth condition (Figure 3c , Growth) was correlated with strong repression of myogenin until 96 h (Figure 3b , Growth MyoG). In contrast, under the differentiation condition, p53 enrichment at 48 h was decreased post IR (Figure 3c , Differentiation), with a corresponding recovery of myogenin mRNA and protein at the late time points, 72 and 96 h (Figure 3b , Differentiation MyoG). As a positive control, p53 binding to the p21 promoter showed similar patterns as compared with those binding to myogenin p53RE ( Figure 3c , the lower half). Our results suggest that p53 binds to the myogenin p53RE at early time points and represses myogenin in response to genotoxic stress under both growth and differentiation conditions. p53 suppresses muscle differentiation ZJP Yang et al To our knowledge, the binding of p53 to the human myogenin promoter has not been reported. Instead, we analyzed a published human p63 ChIP-seq data set based on the observation that p63, a p53 family member, is estimated to bind 61.8 to 82.3% of p53 target genes. 41 We found two p63-binding sites at positions − 7962 and − 5679 on the human myogenin promoter based on a genome-wide profiling of p63-binding sites using human primary keratinocytes cultured under the non-stressed growth condition 46 ( Figure 3a , p53 53, 54 , and p53 25, 26, 53, 54 . TAD: transcriptional activation domain; PRD: proline-rich domain; DNA binding: DNA-binding domain; Tet: tetramerization domain; Basic: basic domain. (f) Q-PCR analyses show p21 activation and myogenin repression in response to ectopic p53 and its mutants at 48 h of 4OHT induction. Ectopic expression of mouse p21 served as a negative control for myogenin mRNA level in RD cells. Quadruple mutation (QM): p53 25, 26, 53, 54 . (g) IBs show p21 activation and myogenin repression in response to ectopic p53 and its mutants at 48 h of 4OHT induction. Ectopic p21 in RD cells led to accumulation of myogenin at the protein level and served as a positive control for IB. QM: p53 25, 26, 53, 54 p53 suppresses muscle differentiation ZJP Yang et al Repression of myogenin by p53 is partially mediated through a distal enhancer region upstream of the mouse myogenin gene. Global ChIP sequencing analysis has shown that p53-repressed genes tend to associate with p53 peak enrichment at the distal enhancers in mESC exposed to doxorubicin. 42 A recent study on mapping the genome-wide histone marks during myogenic differentiation identified three upstream enhancers, R1, R2, and R3, in the distal region upstream of the mouse myogenin gene 47 ( Figure 4a ). These three enhancers are proposed to function as a switch control R245W is the mouse equivalent of human p53 R248W expressed in RD cells and is defective in DNA binding. Fold enrichment relative to the control is shown as bold numbers on the top of each bracket. ChIP background was measured by binding of the ER-fusion proteins to a gene desert region. p53 enrichment on the p21 promoter, p21, served as a positive control p53 suppresses muscle differentiation ZJP Yang et al that regulates myogenin expression from proliferation to differentiation. 47 We noted that the p53RE is located in the R2 enhancer and asked whether repression of myogenin by p53 could be mediated through an enhancer-associated mechanism.
We first used luciferase reporter assays to determine whether the p53RE could mediate transcriptional repression of the reporter. A 2970-bp region upstream of the TSS, 2970-TSS, showed repression by ectopic p53 in RD cells but not in 293 cells, suggesting cell-type-specific regulation by p53 (Figure 4b) . Intriguingly, fragment, 2970-2328, containing 300 bp upstream and downstream from position − 2560, was transcriptionally activated by p53. Furthermore, mutation of the conserved CWWG motif to either TWWA or GWWC completely abolished the activation by p53, indicating the specificity of p53 binding on this p53RE (Figure 4b) . Interestingly, we did not observe release of repression by p53 when TWWA or GWWC mutation was introduced to 2970-TSS reporter, suggesting this enhancer-mediated repression of myogenin may require a native chromatin state.
It is known that active enhancers are associated with histone marks, H3K27Ac and H3K4me1, and polymerase II. 47, 48 Using quantitative ChIP analyses, we found a significant decline of histone H3K27Ac enrichment at the R1 and subtle yet consistent reduction at the R2 and R3 enhancers at the growth condition post IR (Figure 4c ). In agreement with our early observation, diminished p53 enrichment at 48 h of differentiation post IR was correlated with a subtle reduction of H3K27Ac mark at the R1 but not at the R2 and R3 enhancers (Figure 4c ). We did not observe any significant change of H3K4m1 enrichment with or without IR (data not shown). In addition, ChIP analyses revealed positive enrichment of Ser5-phosphorylated polymerase II 49 at the R2 enhancer and confirmed the previous observation that only under the differentiation condition, polymerase II is recruited to the R2 enhancer 47 ( Figure 4d ). Although reduced enrichment of polymerase II was observed at R2 under the differentiation condition post IR, we could not draw any conclusions on its biological significance due to the background variation (Figure 4d , Differentiation, R2 versus background). Nevertheless, we observed less polymerase II enrichment at TSS under both growth and differentiation conditions (Figure 4d ), indicating reduced transcriptional initiation of the myogenin gene in response to genotoxic stress. Therefore, p53-mediated repression of myogenin is partially regulated through a distal enhancer region where loss of active histone marks negatively modulates myogenin expression in the presence of genotoxic stress.
Repression of myogenin by p53 leads to reduction of late but not early differentiation markers. Next, we investigated the phenotypic outcome of p53-mediated repression of myogenin in RD and C2C12 cells by examining expression of differentiation markers. We did not observe any significant change in desmin expression, an early differentiation marker, in RD cells with ectopic p53 (Supplementary Figures 7a and b) . Flow cytometry analysis confirmed that p53-mediated repression of myogenin led to a marked reduction in the percentage of MyoG-H cells, yet did not significantly change the overall percentage of desmin-high (Des-H) cells in RD cells (Figure 5a and quantification in Figure 5b) . Similarly, no significant change was observed in desmin expression in C2C12 cells with or without IR ( Figure 5c ).
Next, we examined the expression of a late differentiation marker, myosin heavy chain (MyHC), in response to myogenin repression by p53. RD cells showed reduction of MyHC expression in response to ectopic p53 (Figure 5d and Supplementary Figure 7c) . Reduction of MyHC expression was further confirmed in differentiated C2C12 myoblasts exposed to IR, in agreement with published results 26, 50 ( Figure 5e and Supplementary Figure 7d) . Our ChIP results indicated decreased p53 binding at 48 h (Figure 3c , Differentiation) with a corresponding recovery of myogenin at 72 and 96 h of differentiation in C2C12 cells exposed to IR (Figure 3b , Differentiation). In line with this result, we observed recovery of MyHC expression at late-stage differentiation in C2C12 cells. Therefore, p53-mediated repression of myogenin leads to decreased and delayed expression of late but not early myogenic differentiation genes. Altogether, our findings suggest that p53 regulates late-stage differentiation at the myogenin step in response to genotoxic stress.
p53-mediated repression of myogenin reduces post-mitotic nuclear abnormality in terminally differentiated cells in response to acute DNA damage. We have discovered that p53 transcriptionally represses myogenin in response to genotoxic stress. To further investigate the broader biological significance behind this new mechanism, we asked whether repression of myogenin by p53 imposes a quality control mechanism that ensures cellular function and integrity by either delaying or terminating a myogenic differentiation program. To answer this question, we used IR to introduce DNA damage and compromised genomic integrity in differentiating myogenic cells. To simplify the complex cross-regulation between members of MRFs in response to DNA damage, 51 our approach was to assay the myogenic conversion properties of ectopic MyoD and myogenin in the presence of DNA damage in MEFs. Both MyoD and myogenin can program non-muscle cells to myogenic fate and induce differentiation in vitro through a process called myogenic conversion. 52 As discussed earlier, MyoD acts upstream of myogenin and transcriptionally activates myogenin. 8, 9, 13, 14 We anticipated that p53 would repress endogenous myogenin transcription activated by ectopic MyoD and would not repress ectopic myogenin driven by a constitutive promoter. This experimental design allowed us to characterize myogenin function in either a p53-dependent or p53-independent manner.
We first confirmed myogenic conversion of p53-null MEFs induced by ectopic MyoD or myogenin (Supplementary Figure  8a) and induction of myogenin expression by ectopic MyoD (Supplementary Figure 8b) . We then examined the level of myogenic conversion on p53-null MEFs by MyoD and/or myogenin with or without p53 (protocol summarized in Supplementary Figure 8c ; experimental design and results are summarized in Figure 6a ). In myogenically converted MEFs exposed to IR, we discovered that a high percentage of MyHC-positive cells carried abnormal nuclei in the absence of p53 (Figure 6b ). In the presence of p53, MyoD-mediated differentiation was strongly inhibited as measured by both Figure 6c and Supplementary Figure 8d) . We also observed a p53-dependent inhibition of myogenic conversion mediated by myogenin as measured by the Differentiation Index (MyoG in Figure 6c ). This inhibition of myogenin-mediated conversion possibly reflects indirect detrimental effects on differentiation as the result of ectopic p53. Nevertheless, inhibition of MyoDmediated differentiation in the presence of p53 can be partially rescued by ectopic expression of myogenin (MyoD+MyoG in Figure 6c ). Most importantly, in the presence of p53, the percentage of MyHC-positive cells carrying abnormal nuclei was significantly reduced upon MyoD-mediated conversion. This reduction was compromised in the presence of the p53 25, 26, 53, 54 mutant, a transactivation-null mutant. In contrast, myogenin-converted cells did not show a p53-dependent reduction in the number of abnormal nuclei (Figure 6d) . Furthermore, ectopic expression of myogenin rescued and restored post-mitotic nuclear defects with an increased number of abnormal nuclei in MyHC-positive cells even in the presence of p53 (MyoD+MyoG in Figure 6e ), suggesting that myogenin suppression by p53 is a mechanism for maintaining cellular integrity during the differentiation process.
Next, we used p53-null MEFs to visualize live cells undergoing myogenic conversion and acquiring post-mitotic nuclear abnormalities in the absence of p53-mediated suppression of myogenin. To monitor cell cycle exit to a post-mitotic state, we used a recently developed live-cell sensor for cyclindependent kinase 2 (CDK2) activity, human DNA helicase B (DHB)-Venus. 53 DHB-Venus is located in the nucleus during G1 phase and progressively translocates to the cytoplasm during cell cycle progression (Supplementary Figure 8e) . To monitor the integrity of nuclei, we used histone H2B-Turquoise. 53 Slender white arrows highlight two cells expressing MyoD-mCherry (Figure 6f ) that went through one or two rounds of mitosis and subsequently developed highly fragmented nuclei (Supplementary Video 1). As indicated by nuclear-localized DHB-Venus, these two myogenic cells became arrested at 36 h post IR and remained arrested in G1 until conclusion of the time-lapse microscopy at 72 h post IR. This live-imaging approach enabled us to confirm that nuclear abnormality occurs in DNA-damaged myogenic cells that undergo cell cycle withdrawal and terminal differentiation.
We have demonstrated that p53 represses myogenin to prevent nuclear abnormality and maintain cellular integrity in terminally differentiated muscle cells. This was supported by the following observations: (1) in the absence of p53, myogenic cells can terminally differentiate with severe nuclear abnormality after exposure to IR; (2) in the presence of p53, this nuclear abnormality is significantly reduced in MyoDmediated but not in myogenin-mediated differentiation; (3) in bypassing p53-mediated myogenin repression, a high level of myogenin permits terminal differentiation and is accompanied by the accumulation of post-mitotic nuclear abnormalities, suggesting a carryover of compromised genomic integrity and cellular function to terminally differentiated cells.
Discussion
It has been shown that genotoxic stress inactivates MyoD function through inhibitory mechanisms that is p53-independent. 26, 50, 51, 54 Here we have discovered a previously unknown mechanism by which p53 directly represses myogenin and regulates myogenic differentiation in response to genotoxic stress ( Figure 7 ). We also found that p53 mediates a quality-control program of reducing the incidence of nuclear abnormality by delaying or terminating a myogenic differentiation program. Based on our findings, we propose that regulation of myogenin plays a critical role not only in driving terminal differentiation but also in ensuring cellular function and integrity in terminally differentiated muscle cells by virtue of its conditional repression by p53.
A recent study reports a novel function of p53 in ensuring accurate chromosome segregation and postulates a new mechanism of tumor suppression by preventing formation of aneuploidy. 55 It is reasonable to hypothesize that p53 represses myogenin to ensure DNA damage repair and proper chromosome segregation when the differentiation program intersects with the cell cycle checkpoint control. Post-mitotic nuclear abnormalities that we observed in highly differentiated myotubes may result in poor fitness and viability as a consequence of the accumulation of unrepaired DNA lesions, aberrant formation of DNA and chromosomal structures, and aneuploidy. Our study supports a previously proposed 'myogenic differentiation checkpoint' that ensures genetic stability in differentiated cells. 26 Molecular mechanisms of p53-mediated transcriptional repression are less understood in comparison with transcriptional activation mechanisms. 7, 42, 43 Here we report for the first time that p53 binds to a highly conserved p53RE in a distal enhancer region of the myogenin gene and transcriptionally represses myogenin in response to genotoxic stress. Using luciferase reporter assays, we found that this p53RE can be 6, 7, 42, 43, 57 the exact mechanism of myogenin repression by p53 is still unclear to us. We hypothesize that p53 interferes with the activity of enhancer elements by competing with histone acetylation complex, MyoD, or polymerase II binding.
The long-term repression of myogenin by p53 under the growth condition may prevent aberrant or sporadic differentiation of proliferating myogenic cells after exposure to genotoxic stress (Figure 3b) . We speculate that p53 or p63 enrichment on myogenin regulatory elements previously observed in non-myogenic cells, such as MEFs, 41 mESC, 42 or primary keratinocytes, 46 may reflect a poised global surveillance system that maintains cell identity and prevents, at least, a myogenic fate transition in response to stress signals. This notion is supported by the observation that elimination of p53 enhances cellular plasticity and efficiency of reprogramming somatic cells to pluripotency 58 and differentiated hepatocytes to malignant cell fates. 59 Intriguingly, under the differentiation condition we observed short-term p53 binding, loss of myogenin repression, and recovery of late-stage differentiation post IR. This observation is in line with the previous report that myoblasts can eventually overcome a block on differentiation if damaged DNA is repaired and/or genotoxic stress is removed. 26 We unexpectedly found that p53 is significantly enriched at the p53RE of the myogenin gene under the normal differentiation condition (Figure 3c ). We propose two phases of conditional regulation by p53: under the non-stressed condition, p53 is poised at the myogenin promoter but exerts low or minimal repression; under stressed conditions, p53 switches to a negative regulator of myogenin and prevents aberrant muscle differentiation.
Our findings have led us to consider whether p53 activation in response to chronic physiological stress occurring in myopathic diseases [21] [22] [23] 60, 61 could persistently repress myogenin and in part contribute to development of muscle atrophy at the stage of myogenic differentiation. [21] [22] [23] [24] [25] [62] [63] [64] Moreover, we are intrigued by a possible connection between repression of myogenin by p53 and muscle aging. Skeletal muscle aging is characterized by muscle atrophy and a decline in muscle function and regenerative capacity. 24, 25, [65] [66] [67] Many studies have shown a close connection between p53 function and muscle aging, as well as perturbation of the muscle stem cell pool. [21] [22] [23] [24] [25] Our work suggests new avenues for investigating muscle aging and muscle regeneration, where p53-mediated repression of myogenin in response to stress signals may have a critical role in mediating quality control of differentiation and in maintaining muscle tissue homeostasis.
In this study, we have discovered a mechanism by which p53 represses myogenin, thus directly regulating late-stage myogenic differentiation in response to genotoxic stress. In a broader context, our study illustrates how p53 can regulate tissue-specific differentiation to maintain cellular integrity and function under stress conditions.
Materials and Methods
Tuning translational level of the ectopic p53-ER expression in RD cells. Using upstream open reading frames (ORFs) and different translation initiation sites to modulate p53 translation levels 31 ( Supplementary Figure 1) , we generated a series of p53-ER constructs that could express a range of protein comparable to endogenous p53 expression activated when MEFs were exposed to acute DNA damage (Supplementary Figures 2a-c) . p53-ER expression in RD cells showed a degree of cell viability similar to that of the control-ER fusion, indicating that restoration of wild-type p53 within this range did not result in apoptotic and/or necrotic cells 32 ( Supplementary Figures 2d-g ). Transcriptional activity of the p53 ER fusion was first evaluated in Mdm2/p53 double-knockout MEFs (Supplementary Table 1 ) and then validated by measuring activation of p53 target genes and cell cycle arrest in RD cells. Wild-type ectopic p53 strongly activated p21 and Mdm2 (Figure 1b and Supplementary Figure 3a) , and induced cell cycle arrest (Supplementary Figure 3b) , which was further confirmed by induction of hypophosphorylated pRb (Supplementary Figure 3c) . Thus, the p53-ER fusion is capable of activating downstream target genes and inducing cell cycle arrest in a tunable manner.
Retroviral expression constructs using translational initiation library. Mouse p53-mKate-ER fusion and the control fusion were cloned into a pCru5 puromycin-selectable retroviral expression library. 31 The control has a nuclear localization signal fused to mKate. The red-fluorescent protein mKate enabled us to monitor protein expression in live cells when protein expression level was modulated by upstream ORFs and different translation initiation sites 31 (Supplementary Figure 1) . The gene encoding the blue fluorescent protein (BFP) mTagBFP was cloned downstream of the control-or p53-mKate-ER and 2A ribosomal slippage sites (TaV2A and ERAV 2A), which results in expression of separate mKate-ER fusion and BFP proteins from a single ORF. Detection of mTagBPF fluorescence aided in both live-cell detection and determination of viral titers. Human p21 gene was PCR-amplified from human cDNA. p21-BFP-ER fusion constructs were cloned into the pCru5 expression library.
Mutations in p53 25, 26 are L25Q and W26S in transactivation domain 1 (TAD1). Mutations in p53 53, 54 are F53Q and F54S in TAD2. p53 25, 26, 53, 54 Under normal conditions, expression of both p21 and myogenin is critical to establish the state of irreversible cell cycle arrest and terminal differentiation. 11, 16, 40 In contrast to the cell cycle arrest that promotes terminal differentiation under non-stressed conditions, it is known that cell cycle arrest induced by DNA damage is associated with decreased myogenic differentiation. 26 In addition to the previously characterized mechanism that genotoxic stress inactivates MyoD function through a p53-independent mechanism, 26,50,51,54 we describe a direct regulatory mechanism by which p53 represses myogenin in response to genotoxic stress. This repression of myogenin leads to reduction of late-stage differentiation and prevents formation of post-mitotic nuclear abnormality in terminally differentiated muscle cells. We propose that the regulation of myogenin plays a critical role not only in driving terminal differentiation but also in maintaining cellular integrity in terminally differentiated muscle cells by virtue of its conditional repression by p53.
p53 suppresses muscle differentiation ZJP Yang et al binding. All mutations were introduced by site-directed PCR mutagenesis using Pfu Ultra (Agilent Technologies, Santa Clara, CA, USA) to pCru5 3.14A p53-mKate-ER construct (#5 construct, Supplementary Figure 1) . MyoD-and myogenin-mCherry fusion constructs with a blasticidin selection marker were cloned into the pCru5 expression library as described above. NFP (nonfluorescent protein) served as a negative control with the same selection marker. The mouse MyoD gene was PCR amplified from pclBabe-MyoD. 27 Myogenin gene was PCR amplified from human cDNA prepared from RD cells. Lentiviral expression constructs, DHB-mVenus and H2B-mTurquoise, were kindly provided by Dr. Tobias Meyer. 53 Virus production, infection, and titer determination. All retroviral expression plasmids were packaged in either amphotropic or ecotropic 293T cells using the calcium precipitation method according to the protocol described by the manufacturer (CalPhos, Clontech, Mountain View, CA, USA). Viral titer for each batch of viruses was determined by flow cytometry analysis of BFP expression to ensure infection consistency among p53, p53 mutants, and the control. RD cells (1 × 10 5 ) or 0.5 × 10 5 of p53-null MEFs were infected by 50-100 μl of viruses in the presence of 8 μg/ml of polybrene the day before. After 24 h, cells were washed and fed with fresh medium in the presence of 100 nM of 4-hydroxytamoxifen (4OHT). After 24 h, cells were trypsinized and analyzed on an LSRII flow cytometry (BD Biosciences, San Jose, CA, USA). RD or MEFs cells were infected with viruses expressing p53-or the control-ER fusion protein to generate a 30% initial infection frequency to minimize multiple integrations per cell. After 48 h of puromycin selection at 0.5 μg/ml, we normally observed 50 to 60% of BFP + cells. Lentiviral expression constructs were packaged using the CalPhos method in 293T cells in the presence of three packaging plasmids: pMDLg, pRSV-Rev, and HCMV-VSVG, kindly provided by Dr Tobias Meyer.
Cell culture. Low passage-number cell lines, RD, C2C12, 293, and p53-null MEFs, were maintained in Dulbecco's modified eagle medium (DMEM; Life Technologies, Carlsbad, CA, USA) supplemented with 10% FBS (HyClone, ThermoFisher Scientific, Waltham, MA, USA) in the presence of penicillin and streptomycin. Differentiation medium is serum-free DMEM supplemented with 2% horse serum (GemCell, Gemini Bio-Products, West Sacramento, CA, USA). RD cells (2 × 10 5 ) were infected by viruses expressing p53-or the control-ER fusion protein at a 30% infection frequency the day before in each well per six-well tissue culture plates. After overnight infection, cell were trypsinized and re-seeded to 12-well tissue culture plates. To reach a higher cell density, one fourth of the total cells from each well of the 6-well plate were seeded to each well of the 12-well plate. To reach a lower cell density, one fifth of the total cells were seeded to each well of the 12-well plates. Cells were allowed to expand for 24 h and then washed 3 times with serum-free DMEM before switching to differentiation medium. Cells ectopically expressing ER fusion constructs were treated with 100 nM of 4OHT to induce nuclear translocation. Ethanol was used as the uninduced control. Puromycin selection was carried out at 0.5 μg/ml for all ectopic ER constructs expressed in either RD or MEFs. Cells were either collected for quantitative reverse transcriptase-PCR (qRT-PCR) and immunoblotting, or fixed for immunostaining at 24, 48, or 72 h of 4OHT induction.
Before IR, C2C12 were maintained at a sub-confluent density. C2C12 (2.5-3 × 10 4 ) were seeded onto each 35-mm tissue culture dish or each well per 6-well plate the day before. On the next day, the no-IR cells were either changed to fresh growth medium or washed four times with serum-free DMEM before switching to differentiation medium and were harvested at 2, 6, 12, 24, 48, 72, and 96 h after switching to fresh growth medium or differentiation medium. Medium was changed every 48 h. At the same time, another set of cells in either growth or differentiation medium were 5-Gy γ-irradiated and were collected at 2, 6, 12, 24, 48, 72, and 96 h post IR. We also tested cells that were allowed recovery in growth medium for 24 h post IR before switching to differentiation medium and collected at 24, 48, 72 and 96 h of differentiation time.
BrdU incorporation for cell cycle analysis and myogenin co-staining followed by flow cytometry analysis. RD cells were infected and induced by 4OHT as described above. BrdU were added at a final concentration of 10 μM 2.5 h before collecting cells. Cell pellets were re-suspended and fixed in PBS with 4% formaldehyde for 15 min at room temperature. Following the standard procedure, cells were then HCl-treated in PBST (0.2% Tween 20) for 30 min at room temperature and subsequently neutralized by NaB 4 O 7 . Cells were then re-suspended in cold PBS, and fixed and permeabilized in 90% ice-cold methanol for 30 min. After washing with PBS, cells were blocked in PBST with 1% BSA for 1 h at room temperature. Meanwhile, cells in each sample were manually counted to ensure that the same number of cells was used for immunostaining. Normally, 0.2 to 1 × 10 5 cells per experiment were immunostained for BrdU and myogenin. Cells were then suspended in 100 μl of pre-mixed 488-conjugated BrdU antibody (1 μl per 1 × 10 5 cells, Life Technologies) and anti-myogenin antibody (1 : 1200, either M-225 or F5D). After overnight incubation and washing, cells were then incubated with APC-conjugated anti-mouse or -rabbit secondary antibody for 1 h at room temperature. Right before flow cytometry analysis, cells were stained with propidium iodide (PI) using the standard protocol for 30 min at room temperature and kept on ice before flow cytometry analysis on an LSRII flow cytometer (BD Biosciences).
We first gated retroviral-infected BFP + cells and then gated BFP + cells into G1, S, and G2 phases based on BrdU and PI staining. Owing to heterogeneity in myogenin protein levels in RD cells, quadrants were drawn to denote a MyoG-H population in each cell cycle phase. Myogenin expression in MyoG-H population was quantified in each cell cycle phase. This heterogeneity of myogenin expression was also confirmed by immunostaining with either M-225 (Santa Cruz Biotechnology) or F5D (BD Pharmingen) antibody, followed by immunofluorescence (IF) microscopy.
Cell death evaluation by SYTOX Green and Annexin V staining. Cell viability was evaluated by staining RD cells expressing ectopic p53 or the control with both SYTOX Green and APC-conjugated Annexin V (Life Technologies, A35110). RD cells were infected, induced, and selected as described above. We first estimated overall cell viability, including cells killed by puromycin selection (no debris). We then gated retrovirus-infected and BFP + cells, and estimated cell viability in p53-expressing cells as compared with that of the control-expressing cells. Both SYTOX Green and Annexin V staining were carried out according to the protocol recommended by the manufacturer (Life Technologies). 6 of RD cells per dish were infected with p53-, the control-, and p53 R245W -ER viruses in the presence of 8 μg/ml of polybrene the day before. After 24 h, infected RD cells were expanded to seven 15-cm dishes. After 24 h, cells were washed 3 times with serumfree DMEM and then switched to the differentiation medium in the presence of 100 nM 4OHT and 0.5 μg/ml of puromycin. After 24 h of induction and selection, 1 dish of cells was trypsinized and counted. Other dishes were scraped and pooled with the trypsinized cells for fixation. RD cells (1 × 10 7 ) or 0.5-1 × 10 7 of C2C12 cells were used for each ChIP assay. ChIP assay was carried out as described. 41 ChIP assay was performed using a biotinylated anti-ER antibody (TE111.5D11, Thermo Scientific, MA5-13062) to pull down p53-ER fusion in order to avoid using anti-p53 antibodies, which recognize endogenous mutant p53 R248W expressed in RD cells. Streptavidin Dynabeads (M-280) were used for immunoprecipitation according to the protocol recommended by the manufacturer (Life Technologies). DNA was purified and eluted using MinElute PCR purification kit (Qiagen, Valencia, CA, USA) before Q-PCR analysis. For C2C12 ChIP assays, we used anti-p53 antibody (CM5, Vector Laboratories, VP-P956), anti-Ser5 polymerase II antibody (4H8, Thermo Scientific, MA1-46093), anti-H3K4m1 (ab8895, Abcam, Cambridge, MA, USA), and anti-H3K27ac antibody (ab4729, Abcam). C2C12 cells were collected and directly fixed by formaldehyde at 6 and 48 h post IR under the growth condition. For C2C12 cells collected at 48 h under the differentiation condition, cells were allowed recovery in growth medium for 24 h post IR before switching to differentiation medium and collected 48 h later. At the same time, the no-IR cells were also grown for another 24 h before switching to differentiation medium and collected 48 h later.
Transient transfection and luciferase assays. RD or 293 cells were transiently transfected using Superfect (Qiagen). Cells (5 × 10 4 ) were seeded on to each well of the 12-well plate the day before. Cells were transfected with 200 ng of p53-or the control-ER expression plasmid along with 250 ng of luciferase reporter and 125 ng of pCS2-β-galactosidase, which served as an internal control. After overnight incubation, cells were induced with 100 nM 4OHT or the ethanol control and lysed at 24 h post induction in 1 × lysis buffer (Promega, Madison, WI, USA). Luciferase activity was assayed using beetle luciferin (Promega) buffer on Tecan Infinite M1000 (Tecan Group Ltd., Männedorf, Switzerland) and β-galactosidase activity was assayed using β-D-galactoside buffer on a Molecular Devices plate reader (Sunnyvale, CA, USA). pT81-4RTK-luciferase, p21-luciferase, and pCS2-β-galactosidase were kindly provided by Dr Stephen Tapscott. pT81-4RTK-luciferase contains four copies of the MyoD-binding site. Mouse myogenin promoter region from − 2970 to ATG was PCR amplified from mouse genomic DNA and inserted into the pGL3 basic vector to generate 2970-TSS luciferase reporter. Fragment containing the region from − 2970 to − 2328 was then subcloned as the 2970-2328 luciferase reporter. Subsequent site-directed mutagenesis was performed to introduce point mutations at the p53 consensus binding site and to generate luciferase reporters, 2970-2328 A/T and 2970-2328 G/C.
Myogenic conversion of p53-null MEFs and time-lapse microscopy. p53-null MEFs less than two rounds of passages after the initial expansion were used for myogenic conversion. All viruses were titered to achieve 100% infection of p53-null MEFs with MyoD-mCherry or myogenin-mCherry, and 30 to 50% of infection with p53-, p53 QM-or the control-ER fusion. The control virus for MyoD-mCherry and myogenin-mCherry was NFP as described early. Freshly thawed and expanded p53-null MEFs (1 × 10 5 ) were infected by viruses in each well of the six-well plate the day before. After overnight infection, one fourth of the infected cells were seeded onto each well of the 12-well plate. On the next day, right before 5 Gy of IR, cells were induced with 100 nM 4OHT. Cells were then recovered overnight before adding 0.5 μg/ml puromycin. Cells were selected and induced for another 24 h before switching to the differentiation medium in the presence of 4OHT and puromycin. After 24 h, cells were fixed for IF analysis. For live-cell tracking using time-lapse microscopy, p53-null MEFs were first infected with lentiviruses expressing DHB-mVenus or H2B-mTurquoise. Double-positive cells were sorted using BD FACSAria flow cytometer (BD Biosciences) and further expanded. Oneeighth infected p53-null MEFs described above were seeded in each well per 24-well μ-plates (Ibidi, GmbH, Planegg/Martinsried, Germany). Right before IR, cells were induced with 4OHT and then recovered for 30 min post IR before moving to 37°C chamber supplied with CO 2 and humidity for 72 h of observation on the time-lapse microscopy. Images were acquired every 15 min in three color channels on Zeiss Observer.Z1 microscope and analyzed by ImageJ.
Statistical analysis and repeatability of experiments. Statistical significance and P-values were determined using the two-tailed Student's t-test. Two to four independent experiments were performed on Q-PCR, immunostaining and flow cytometry analysis, and immunoblotting in Figures 1, 2, 3 , and 5; three independent experiments were performed for ChIP analysis in Figures 3 and 4 ; two to three independent experiments were performed for immunostaining and microscopy in Figure 5 ; three to five independent experiments were performed on characterizing myogenic conversion and morphology of abnormal nuclei using immunostaining and microscopy in Figure 6 . Two independent experiments were performed on live imaging using time-lapse microscopy in Supplementary Video 1.
